The uptake of either calcium or manganese by isolated mitochondria is now recognized to consist of a burst of respiration, a cycle of oxidation-reduction of cytochrome b and the pyridine nucleotides, and the production of hydrogen ions. '-5 Cation accumulation is an energy-dependent reaction supported either by substrate oxidation or ATP hydrolysis' leading to the conclusion that a high-energy intermediate of oxidative phosphorylation is involved. The nature of this involvement is not clear. Both Saris5 and Chappell2, 6 have emphasized the importance of hydrogen ion ejection as an early response to cation addition. These observations have led to the proposal that the primary basis for cation transport is an outwardly directed H+ pump,6' 7 the hydrogen ions being generated during the flow of reducing equivalents through the respiratory chain with the added assumption of a membrane impermeable to H+. This proposal is an extension of that initially advanced by Davies and Krebs,8 by Mitchell,9 and by Robertson.'0
The uptake of either calcium or manganese by isolated mitochondria is now recognized to consist of a burst of respiration, a cycle of oxidation-reduction of cytochrome b and the pyridine nucleotides, and the production of hydrogen ions. '-5 Cation accumulation is an energy-dependent reaction supported either by substrate oxidation or ATP hydrolysis' leading to the conclusion that a high-energy intermediate of oxidative phosphorylation is involved. The nature of this involvement is not clear. Both Saris5 and Chappell2, 6 have emphasized the importance of hydrogen ion ejection as an early response to cation addition. These observations have led to the proposal that the primary basis for cation transport is an outwardly directed H+ pump,6' 7 the hydrogen ions being generated during the flow of reducing equivalents through the respiratory chain with the added assumption of a membrane impermeable to H+. This proposal is an extension of that initially advanced by Davies and Krebs,8 by Mitchell,9 and by Robertson.'0 If an H+ pump does exist, one of its measurable properties should be a stoichiometry between H+ production and electron transport, i.e., oxygen consumption. One of the difficulties in obtaining a clear insight into this relationship has been the MST nearly universal use of phosphate as a counter ion in studies of cation accumulation. Its use is complicated by the fact that it is involved in the reactions of oxidative phosphorylation, thereby influencing electron transport independent of effects upon cation transport, and equally important, it reacts with divalent cations forming insoluble complexes with the production of hydrogen ions.
In an effort to avoid these difficulties, a study of calcium accumulation in phosphate-free medium was undertaken in the hopes of defining the early steps of cation accumulation. A preliminary account of this work has appeared.1' Experimental Methods.-Rat liver mitochondria were prepared by a method similar to that previously described for pigeon heart mitochondria, 12 altered the responses in several important ways (Fig. 1) . Repeated additions of calcium led to successive cycles of the pyridine nucleotides without the appearance of an inhibited state, and-these cycles were accompanied by large decreases in light scattering. An additional difference, not shown in Figure 1 , was that the moles H+ evolved/calcium accumulated approached 1 in chloride medium, whereas in a medium containing 50 mM acetate, H+/Ca+ was approximately 0.2-0.25. Also C14-acetate was accumulated with the calcium from the acetate medium but no C136 was taken up with calcium from the chloride medium.
There was a definite relationship between acetate concentration, and acetate accumulation, hydrogen ion evolution, and mitochondrial swelling as illustrated in Figure 2 . With no acetate, H+/Ca++ was 0.9, and swelling did not occur. With increasing acetate, the uptake of C'4-acetate and the swelling of the mitochondria increased, whereas the production of H+ fell. With 50 mM acetate, H+/Ca++ was approximately 0.25; acetate accumulated/Ca++ was nearly 0.8, and swelling had increased proportional to acetate concentration.
The addition of phosphate to mitochondria which had swelled and accumulated calcium in an acetate medium led to an increase in light scattering, without an increased 02 consumption or cycle of pyridine nucleotides. (Fig. 3) led to the ejection of C'4-acetate syn-100 E chronous with the increase in light scattering.
.?
The effect of acetate upon the inhibited state was 0 investigated (Fig. 4) . Repeated additions of calcium, Calcium accumulation can be supported by energy derived from ATP hydrolysis. Previous reports had emphasized that oligomycin blocks this accumulation.' However, as shown in Figure 5 , this is not completely true. There is a small, rapid, and significant uptake of calcium even in the presence of oligomycin B. Furthermore, in the absence of oligomycin the uptake curve is biphasic with a rapid initial burst followed by a slower steady increase. This initial burst or "jump" could represent either the combination of calcium with energized carrier, or the non-energy-dependent binding of calcium to other sites on the mitochondria. These possibilities were tested using 2,4-dinitrophenol. In the presence of 2.5 X 10-5M dinitrophenol (DNP) and oligomycin, a small "jump" of calcium uptake was observed which was significantly less than that observed in the absence of DNP. Using the uptake in the presence of DNP as a measure of nonspecific binding, and subtracting this value from that obtained in the absence of DNP, an estimate was made of the concentration of energized carrier (H2X -I) (see below). This value was 4 miAmoles/mg pro-tein. When the experiment was carried out using KCN to block electron transport, rather than antimycin, a value of 12-16 miumoles/mg protein was obtained. This is similar to the estimation of X -I obtained by measuring ATP "jump" in the presence of cyanide. 19 Thus it appears that a similar pool of high-energy compounds is available, and possibly identical, for either cation transport or oxidative phosphorylation. However, it is not possible to conclude that the high-energy intermediate of oxidative phosphorylation is the cation carrier. All that is required to explain the present results and those obtained with ATP "jump" experiments is an equilibrium between several pools of energized compounds. Hence the cation carrier, although energized by the high-energy intermediate of oxidative phosphorylation, may be distinct from it. Such an alternative has been proposed by Lardy, Connelly, and Johnson2t . 21 to account for the effects of Aurovertin upon oxidative phosphorylation and mitochondrial swelling. Aurovertin and oligomycin are both inhibitors of oxidative phosphorylation. However, unlike oligomycin, Aurovertin does not block ATPase activity, inhibit ATP-induced mitochondrial swelling, or block ATP-supported calcium uptake (Fig. 5) (3) leads to a H+/Ca++ ratio of 1. The inhibited state is reached when all X is in the form of (Ca2X) ++ or Ca2(X -I). Reaction (2) is necessary to account for respiratory activity and because it is considered that the concentration of I < X (see above). Two calciums per mole of H2X -I are necessary to account for the observed Ca++/O of 6.1 whi'h corresponds to a Ca++/ADP of 2; 2Ca++ react with X -I (3).
The addition of acetate leads to the further reactions, 3(Ca2X)m++ + 6A-* 6(CaA) + + 3Xm=
where the subscript ms denotes a species within the matrix space of the mitochondria. The over-all reaction in an acetate medium would be 6Ca++ + 3H2X Im + 6A-± 3H2Xm + 31m + 6(CaA) .
This reaction (6) would lead to no H+ evolution, and no inhibition. The observed mitochondrial swelling would be due to the osmotic activity of the (CaA) + within the mitochondria.
Finally upon the addition of phosphate a further reaction would take place within the matrix space, 6(CaA) + + 4 HPO4= T:± 6A-+ 4H+ + 2Ca3(P04)2ms, (7) which would lead to acetate ejection, mitochondrial contraction, hydrogen ion evolution, and no increment in oxygen consumption. The over-all reaction in a phosphate medium would be 6Ca++ + 3H2X -Im + 4HP04= T 3H2Xm + 3Im + 4H+ + 2Ca3(PO4)2m8. (8) s This reaction (8) would lead to an H+/Ca of 0.67, no inhibition, and no swelling because Ca3(PO4)2 would not be osmotically active. The reaction would go well to the right because of the formation of insoluble Ca3(PO4)2.
This sequence explains quite satisfactorily the suppression of H + production with increasing acetate concentration because the H+ released upon the combination of calcium with H2X -I is reutilized in the presence of permeant anion, to protonate X= with no net H+ production. In actual practice some H+ is evolved in acetate media even when the acetate concentration is 50 mM. However, this is easily explained either by the nonspecific binding of some calcium (Fig. 5) , the presence of endogenous inorganic phosphate, and possibly by the fact that even at this acetate concentration, reaction (4) does not proceed completely to the right so that some X is in the form of (Ca2X) ++ and consequently net production of H+ is observed, and the ratio of OAc-/Ca accumulated is less than 1 (Fig. 2) . The mechanism also explains the slight but significant difference between H+/Ca++ in a chloride as compared to a phosphate medium, as observed by Saris' and Chappell2 [compare reaction (3) with reaction (8) ] .
The model links the process of calcium transport with those of oxidative phosphorylation. It does not include the third modality, proposed by Lehninger, of a contractile system within the membrane. 22 The latter has been put forth as an explanation of the large-amplitude swelling and shrinking phenomena, similar in magnitude to those observed here. However, in the present instance and that previously reported,"5 mitochondrial swelling is adequately explained by an alteration of the osmotic activity within the mitochondria brought about by ion translocation. This conclusion is based upon several types of evidence. Swelling occurs only in the presence of a permeant anion which does not lead to precipitation or complexing of the calcium. The magnitude of the swelling is proportional to the anion concentration (Fig. 2) . When contraction is brought about by phosphate, in the acetate system (Fig. 3) , acetate is ejected (as measured with C'4-labeled acetate). Phosphate can bring about contraction when no further oxygen is present. It is also possible to observe changes in the volume of mitochondria by electron microscopy which correlate well with the volume changes predicted on the basis of ion uptake.23 These findings should lead to a critical re-examination of the entire concept of the involvement of a contractile mechanism in the phenomena of largeamplitude swellings and contractions in mitochondria.
Summnwry.-A model, which explains calcium transport across the mitochondrial
